ABSTRACT: We present GeFRO (Germanium FROntend) a novel approach to the readout of ionization detectors. The circuit allows to minimize the number of components and the space occupation close to the detector. This way a minimal impact is added on the radioactive background in those experiments where very low signal rates are expected, such as GERDA and MAJORANA. The circuit consists of a JFET transistor and a remote second stage. The DC feedback path is closed using a diode. Only two signal cables are necessary for biasing and readout.
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Introduction
The processing of signals from ionization detectors in very low background environment requires the minimization of the amount of mass contributed by the electronics equipment close to the detector area. Additional care is to be taken in minimizing power dissipation when the working environment is at cryogenic temperature, inside a refrigerator system. Examples of such setups are the experiments GERDA [1] and MAJORANA [2] both based on arrays of low background Germanium detectors.
In the following sections we will describe in detail GeFRO (Germanium FROntend), our new approach aimed at minimizing the number of electronic components close to the detector.
The new readout scheme for ionization detectors
The classical approach to the readout of an ionization detector is shown in figure 1 [3] [4] [5] [6] . The cascode/foldedcascode, Cas in the figure, which helps in optimizing the frequency bandwidth, is sometimes omitted in favor of a supply voltage reduction [7] [8] [9] . The setup of figure 1 works well provided that some precautions are adopted for the case the detectors are operated at cryogenic temperatures. Cables inside the refrigerator must have a small section for minimizing their thermal conductance, hence the heating injection. As a consequence, they are generally lossy and their series impedance could be responsible of nonnegligible effects. Crosstalk can be injected from the positive supply V CC of figure 1 if it is shared among many channels and the filtering capacitance C F1 is missing. The terminated coaxial cable connected to the preamplifier output can be a few meters long and a loss in signal amplitude may occur if the preamplifier generates a voltage signal at its output.
When the mass close to the detector must be kept at minimum a few different configurations could be considered. The first is shown in figure 2 [10] . The Charge Sensitive Preamplifier is split in two parts: the input stage, which consists of the JFET and the feedback capacitance and resistor, and the second stage located in a remote location and connected to the input stage with the transmission lines T A and T B . Also this solution could be adequate, provided that attention is put on the effects of the phase shift, derived from the length of the connecting lines, that may affect the phase margin.
Another very simple and efficient approach is the voltage follower of figure 3 [11] [12] [13] . Power consumption is minimized in this case since the biasing resistor is outside the refrigerator. Nevertheless an additional filtering capacitance, C F1 , is necessary to limit signal reflection at the drain of the JFET in fast signal applications, when long connecting lines are used.
GeFRO, the new readout solution we are proposing, is a merging of the above described setups with crosstalk, power dissipation and signal reflection solved. It consists of a fast open loop operated JFET transistor in combination with a slow closed loop network that guarantees the biasing -2 - and signal discharge of the input node. In addition it avoids the need of a feedback resistor, whose presence is a problem in some low background experiments. The schematic of GeFRO is displayed in figure 4 . The fast open loop path is composed of the common source JFET J IN followed by a second stage with gain B located at room temperature. The fast detector pulse is integrated across the capacitance present at the JFET input. The gate signal is converted to the channel current by J IN , that drives the terminated (AC coupled with C T , R T ) coaxial line T A .
Neglecting the marginal effect coming from the presence of the drain to gate capacitance, T A is driven by a current, which is converted to a voltage at the line terminating resistor R T (50100 Ω, depending on the characteristic impedance of the line). In this way, since all current reaches R T , signal loss due to the resistivity of T A is prevented. In addition, biasing current to J IN is received through T A itself: signal reflection and signal crosstalk across the supply lines are not present. Power dissipation is minimized since only the JFET dissipates inside the refrigerator. JFET power consumption can be particularly small since it can be operated at small drain to source voltage, V DS , because its output impedance, inversely proportional to V DS , is in parallel with the small characteristic impedance of the line.
J IN is operated open loop, at moderate frequencies. The purpose of the A F D F path is DC restoration; the gain of the amplifier A F is large at low frequency, but above 1/(2πR FF C FF ) it becomes unity and can be neglected. The output of the amplifying chain in response to an input charge Q D , neglecting for the moment the A F D F path, is:
C ch is the capacitance resulting from the gate to channel junction biased in reverse mode. It is dependent on the width of the space charge region, like the channel current to which it results proportional: figure 5 is an example of the channel to current dependence of the BF862 nchannel JFET from NXP [14] . In principle, effective gate to drain capacitance can be larger than the physical capacitance, because of the Miller effect; however since gain at the first stage is small (g m R T ≈ 1) the Miller effect can be neglected, and C ch is dominated by the gate to source capacitance. Transconductance g m (V G ) depends on both the gate voltage and Figure 5 . Channel Capacitance, C GS +C GD , and drain to gate capacitance, C GD vs the channel current for a BF862. Drain to source voltage was fixed to 2 V. temperature. Experiments to be operated in a cryogenic environment have stable temperature and hence stable g m . Otherwise it is possible to maintain g m tuned by properly controlling the reference voltage V D . Channel current vs gate voltage and transconductance vs channel current at liquid nitrogen temperature (LN2, 77 K) are shown in figure 6 and figure 7.
As can be seen from figure 7, gain may depart from linearity and it may show a quadratic behavior depending on the energy. The deviation from linearity depends on the voltage swing at the gate of J IN , which for a given input charge depends on the total capacitance at the input node. As an example, a dynamic range of 10 MeV in a standard Ge coaxial detector of 30 pF capacitance results in about 10 mV of signal (in matching conditions) at the J IN input, a very small excursion. The same energy range in a Broad Energy Germanium (BEGe) [9] or BEGe-like (pin-point contact) detector, characterized by about 1 pF of detector capacitance, results in about 0.25 V at the JFET input gate in matching conditions and the response will show a quadratic effect. Figure 8 is the response obtained with a BF862 JFET from NXP, connected to a simulated detector with a negligible capacitance (BEGe like detector). In this case the input capacitance was about 10 pF, mainly contributed by the JFET. The range explored was up to 1 Me − , corresponding to about 3 MeV released by an impinging particle in the Ge detector. The maximum integral linear error was 0.25%.
The DC stabilization network of GeFRO in figure 4 , A F D F , is a slow closed loop path that is unaffected from the phase shift that the long cabling connections can add. It sets the drain voltage to V D and the channel current of J IN by adjusting its gate potential properly. The DC restoration of the feedback path is done exploiting a Schottky diode, D F , in reverse biasing condition. This device was found to be excellent for this purpose because it behaves at cryogenic temperature like a non linear resistor in parallel to a capacitance of less than 1 pF. This way a large range of detector currents can be sustained. As an example, a detector current of the order of 10 pA results in a working point for D F corresponding to a dynamic resistance of a few GΩ, figure 9. Alternatively, a standard solution with a high value resistor can be considered instead. The readout of the DC voltage drop across the Schottky diode (or the feedback resistor) is a valuable feature when working with Ge detectors, as it allows the measurement of the actual detector leakage current.
In a feedbacked network one can usually define the loop gain T as the product of the open loop gain and the feedback return path β [15] . The output signal is then proportional to T/β (1T), and 1/β is the gain in the ideal condition of T=∞. In a real amplifier, T is a decreasing function of frequency. Stability becomes critical at high frequencies when the phase of T shifts by π due to parasitic reactances in the feedback loop. Divergence is avoided if |T| is less than one at the π phase shift. A very good stability is obtained if |T| is less than 1 from an adequate low frequency up. This was the philosophy we adopted in the design of our readout. If we cut the loop of figure 4 at the input of A F (so avoiding to alter the impedance seen by the rest of the network) and apply a test signal to be propagated back to the output we obtain, once that the impedance of D F is approximated with a capacitance C F :
In (2.2), by choosing the time constant C FF R FF large enough, a value of |T| smaller than 1 easily results when C F is smaller than C D +C ch and g m R T is a few units. The minimum value for C FF R FF depends on the length of the connecting coaxial cables: if we denote by t D the propagation delay of a signal travelling along T A and T B , then stability is assured if C FF R FF t D . If T A and T B are 10 m long, a delay of about 100 ns is expected (signal back and forward) so that C FF R FF should be not smaller than about 1 µs. The output signal at node V A of figure 4 is now given by:
The parameter T o in the above equation is less than 1, and takes into account the deviation from the ideal case of infinite loop gain T, whose response would be the same as written in (2.3) but with T o =1. Coming back to time domain at the readout output from (2.3):
This result is the same as in (2.1), but takes now into account the slow exponential discharge. The product g m R T in (2.4) is close to one, or a few times one. As a consequence the signal is mainly inversely proportional to the input capacitance C D +C ch , while C FE in (2.1) equals (1+g m R T )C F . The relaxation (or discharge) time of the signal can be defined by setting the time constant C FF R FF . This is a useful property since it can be small enough to minimize the microphonic effects coming from cryogenic liquid boiling, and large enough to keep the noise from A F at a small level, as will be discussed below.
In summary, the behavior of the readout can be described by the amplification of a charge signal developed across an (open loop) input capacitance, C D +C ch , and with a (open loop) gain g m R T ; DC restoration of the baseline is made by a slow feedback path.
As an example of typical values, with a NXP BF862 as the input JFET, biased at 2 mA, we have C ch ∼ 10 pF (see figure 5 ) and g m ∼ 20 mA/V (see figure 7) . With a 100 Ω transmission line, g m R T ∼ 2. If a BAT17 Schottky diode is used, with C F ∼ 1 pF, then C FE = (1+g m R T )C F ∼ 3 pF. Assuming to use a Ge coaxial detector with C D ∼ 20 pF, the total capacitance at the denominator of (2.4) is about 33 pF. Assuming the second stage B has a gain of 5 V/V, the output signal peak for a charge signal of 100 Ke − (corresponding to about 300 KeV in Ge) is thus close to 5 mV. If R FF ∼ 2 kΩ, C FF ∼ 1 nF, then the denominator in the exponential in (2.4) is 33 µs, and the 90% to 10% discharge occurs in about 70 µs. These values, obtained from the calculation, agree with measured ones, as shown in figure 10 .
The upper limit in the frequency response is not put in evidence in (2.4), and in the actual circuit the bandwidth is set by the second stage B of figure 4. In figure 11 one can see that the peaking time can be relatively short, a few ns, after an appropriate design of the second stage is made. For our measurements, two different amplifiers were used as second stage B. One was designed for wide bandwidth, and was built with a pair of AD811 wide-bandwidth operational amplifiers. In this case, bandwidth was 60 MHz, limiting the peaking time to about 6 ns, as in figure 11 , but noise was not optimized for spectroscopy. To measure energy spectra, another amplifier was used with very low noise and high gain, designed in our laboratory for a bolometric application [16] . Input series noise from this amplifier was less than 0.5 nV/ √ Hz, making its contribution negligible compared with noise from the cold JFET and from the line terminating resistor R T . After a minor modification, the bandwidth of this amplifier was set at a few MHz, limiting rise time to about 100 ns.
The choice of amplifier A F is less critical: since its has gain only at low frequency, below 1/C FF R FF , no particular constraint on bandwidth or noise arises (see the following). In our case, the commercial opamp OP27 was used for all measurements.
Noise performances
The gain of the proposed readout is proportional to the parameter T o from (2.3) which is smaller than 1, in any conditions. As a consequence, to obtain a very low noise, care must be put in the selection of the second stage B and amplifier A F . The line terminating resistor R T could also contribute to the noise performance. If we suppose to filter the output of GeFRO with a standard CRRC n or Gaussianlike filter we expect to find for the Equivalent Noise Charge, ENC, or the RMS charge to be injected at the input to make unity the signal to noise ratio [17] (see appendix for the 
In (3.1) α, β and γ are the coefficients for the series white, series 1/f and parallel noise that depend on the adopted filter, while τ is the time constant of the shaping filter (for a CRRC 10 As an application example, we show the noise results obtained with the BF862 and the BAT17 as input JFET and Schottky diode of figure 4 respectively. The circuit was submerged in LN2. In this case the series noise was dominating and the ENC was expected to decrease with the shaping time constant of the filter except for a constant contribution given by the 1/f noise. In figure 13 the results from a set of measurements is shown. Three different channel currents for the input JFET have been selected, while the simulated detector capacitance was set to a negligible value, BEGe-like case, and 33 pF, typical for a standard Ge detector. As can be seen, the noise is slightly dependent on channel current. The energy resolution is given also in eV FW HM (Full Width Half Maximum) converted to a Ge detector on the right axis.
Let us compare this result with the calculations: for instance, let us assume the detector capacitance to be C D ∼ 33 pF, with a negligible (less than 1 pA) leakage current. With values reported Figure 13 . ENC vs the shaping time (left axis) of GeFRO; the input JFET is a BF862 and the Schottky diode a BAT17. Measurements have been taken at LN2 temperature. On the right axis the corresponding energy resolution for a Ge detector in FWHM is given. Measurements have been taken at different working point of the BF862 JFET (I DS ranging from 2 mA to 8 mA) and simulated detector capacitances.
earlier for the BF862 prototype, we have g m R T ∼ 2, thus the weight of the noise contribution from the second stage B is reduced by a factor of 4 with respect to the input JFET, and becomes negligible. Since C F C D +C ch , also the noise contribution from amplifier A F can be neglected. The dominant noise contribution is the series noise of the input JFET itself. For instance, assuming e 2 INw = 3 nV/ √ Hz, A IN f = 3 · 10 4 nV 2 , then we expect a contribution to the ENC from the input JFET alone of 156 electrons at 6 µs, 132 electrons at 10 µs. These values are in agreement with the values shown in figure 13 , measured by simulating the detector capacitance by connecting a known capacitor at the input of the circuit, and by simulating signal events with a function generator.
The proposed solution has also been tested with a Ge coaxial detector (C D ∼ 20 pF, I D ∼10 pA) illuminated with a 22 Na γ source (E γ = 1.275 MeV). The noise from GeFRO is again mainly contributed by the series noise of the input JFET, which gives 110 electrons at 6 µs, 93 electrons at 10 µs. The contribution to the ENC from the leakage current is 67 electrons at 6 µs, 86 electrons at 10 µs. The total noise values expected from the GeFRO are thus 129 electrons at 6 µs, 127 electrons at 10 µs, which means in both cases 0.9 KeV FW HM . The expected resolution is obtained by adding in quadrature the noise contribution from GeFRO and the intrinsic resolution of the 1.275 MeV line in Germanium, about 1.7 KeV FW HM , due to statistical fluctuations in the ionization process. The resolution is thus expected to be close to 2 KeV FW HM . Figure 14 shows the results obtained at 10 µs shaping time: the measured resolution at 1.275 MeV is 2.44 KeV FW HM . This is slightly worse than the theoretical value, because of some low level, low frequency electromagnetic interference in the laboratory environment, which the shielding around the detector could not completely eliminate. A proof of this interpretation is the spectrum of figure 15 , obtained in the same conditions but the shaping time, that was set to 6 µs. The resolution improved to 2.21 KeV FW HM , due to the fact that with a shorter shaping time the low frequency interference was more effectively filtered. Shorter shaping times would further reduce the effect of low frequency interference, but at the same time the noise contribution from the GeFRO would take over, worsening resolution (see figure 13 ). In conclusion, even if the best resolution was expected at 10 µs shaping time, in our measurements 6 µs was found to be the best tradeoff between expected noise from the readout circuit and interference noise from the laboratory environment.
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Conclusions
GeFRO, a new approach to the readout of ionization detectors operated at cold, is presented. It uses only one JFET transistor and a diode for DC restoration and operates in close proximity of the detector, allowing to minimize space occupation; this is a valuable feature to read-out detectors operated in low-background experiments. The circuit is able to drive a terminated coaxial cable and guarantees high speed and low noise. Power dissipation is minimal inside the cryostat thanks to the fact that only the JFET dissipates at cold. The circuit is being tested at the GERDA collaboration.
A Detailed noise calculations
To measure the noise, the calibration of the network must be made first, by simulating the response to the charge from the detector. If a delta-like current with area Q D is injected into the input of GeFRO, a voltage V G is generated equal to:
Where C Tot is the overall capacitance seen at J IN input node. If now a step voltage V T is sent to the test capacitance C T we obtain:
Therefore the test calibrating charge results in C T V T . In figure 12 the main sources of noise are shown. The evaluation of the contribution of all the sources that are in the feedback loop is easy if we suppose first T 1, evaluate the corresponding transfer function and then multiply it by -T/(1T). For the case the time constant of the exponential term of (2.4) is much larger than the shaping time constant τ we can do the approximation:
The response of the system to the calibrating charge is:
When the signal (A.4) is sent to the input of the shaper, the resulting output has a peaking time where the maximum is found. For a CRRC n the peaking time is nτ, where n is the number of poles and τ is the shaping time constant. Let us denote with h MAX the maximum in the transfer function of the shaping filter: it can be shown that it does not depend on the time constant of the shaper, but only on its characteristics (unipolar/bipolar, number of poles, . . . ). For a CRRC n filter, the value of h MAX is given by:
The maximum in the output signal after the shaper is thus h MAX V oMAX . The ratio with the test input charge C T V T allows to determine the maximum transfer function for the whole system, including the shaper:
Let us now evaluate the noise. The power spectral density of noise from the input JFET, denoted by e 2 IN (ω), and from the feedback amplifier A F , denoted by e 2 A F (ω), give the following contributions to the output noise spectrum: Where the noise spectrum of the input JFET was split between its white part, e 2 INw , and its flicker part, A IN f /f. The output noise power spectral density from the input parallel noise is: Parallel noise of A F , R T and amplifier B develop a voltage across the output impedance at node V A , which is R T /(1-T). The output noise spectrum for this contributions is
Therefore, considering also the input series noise of amplifier B, we obtain The maximum of the signal from (A.6) is independent of frequency. We can therefore define the ENC spectrum at any frequency as: In the above equation we have considered a CRRC n shaper. Integrating ENC(ω) over the whole frequency spectrum results in the RMS value reported in (3.1), once an obvious meaning of the terms is considered.
